a b s t r a c t k-Hexatoxins (k-HXTXs) are a family of excitotoxic insect-selective neurotoxins from Australian funnelweb spiders that are lethal to a wide range of insects, but display no toxicity towards vertebrates. The prototypic k-HXTX-Hv1c selectively blocks native and expressed cockroach large-conductance calciumactivated potassium (BK Ca or K Ca 1.1) channels, but not their mammalian orthologs. Despite this potent and selective action on insect K Ca 1.1 channels, we found that the classical K Ca 1.1 blockers paxilline, charybdotoxin and iberiotoxin, which all block insect K Ca 1.1 channels, are not lethal in crickets. We therefore used whole-cell patch-clamp analysis of cockroach dorsal unpaired median (DUM) neurons to study the effects of k-HXTX-Hv1c on sodium-activated (K Na ), delayed-rectifier (K DR ) and 'A-type' transient (K A ) K þ channels. 1 mM k-HXTX-Hv1c failed to significantly inhibit cockroach K Na and K DR channels, but did cause a 30 ± 7% saturating inhibition of K A channel currents, possibly via a Kv4 (Shal-like) action. However, this modest action at such a high concentration of k-HXTX-Hv1c would indicate a different lethal target. Accordingly, we assessed the actions of k-HXTX-Hv1c on neurotransmitter-gated ion channels in cockroach DUM neurons. We found that k-HXTX-Hv1c failed to produce any major effects on GABA A or glutamate-Cl receptors but dramatically slowed nicotine-evoked ACh receptor (nAChR) current decay and reversed nAChR desensitization. These actions occurred without any alterations to nAChR current amplitude or the nicotine concentration-response curve, and are consistent with a positive allosteric modulation of nAChRs. k-HXTX-Hv1c therefore represents the first venom peptide that selectively modulates insect nAChRs with a mode of action similar to the excitotoxic insecticide spinosyn A.
Introduction
As insects continue to develop resistance against current agrochemical insecticides, it is critical to source a new pool of insect-selective lead molecules with novel targets. Spider venoms are a relatively untapped source of potentially millions of insecticidal peptide toxins including the excitatory neurotoxin k-HXTXHv1c (See Windley et al., 2012 for a review). Isolated from the venom of the Blue Mountains funnel-web spider, Hadronyche versuta (Hexathelidae: Atracinae), k-HXTX-Hv1c is lethal against a Abbreviations: 4-AP, 4-aminopyridine; K Ca 1.1 channel, large-conductance Ca 2þ and voltage-gated K þ channel (also known as Maxi-K, BK, or Slo1); Ca V channel, voltagegated Ca 2þ channel; ChTx, charybdotoxin (potassium channel scorpion toxin a-KTx1.1); DUM, dorsal unpaired median; HXTX, hexatoxin (from the venom of spiders belonging to the family Hexathelidae); IbTx, iberiotoxin (potassium channel scorpion toxin a-KTx1.3); I K(A) , transient A-type K þ current; I BK(Ca) , calcium-activated K þ channel current; I K(DR) , delayed-rectifier K þ current; a-KTx, potassium channel scorpion toxin; K A channel, 'A-type' transient K þ channel; KD 50 , median knockdown dose; K DR channel, delayed-rectifier K þ channel; K Na channel, sodium-activated K þ channel; K V channel, voltage-gated K þ channel; nAChR, nicotinic acetylcholine receptor; mSlo, mouse slowpoke channel; Na V channel, voltage-gated sodium channel; NIS, normal insect saline; pSlo, Periplaneta slowpoke channel; k-SPRTX-Hv1b, k-sparatoxin-Hv1b (formerly heteropodotoxin-2 from the venom of Heteropoda venatoria, family Sparassidae); TAG, terminal abdominal ganglion; TEA, tetraethylammonium; k-TRTX-Ps1a, k-theraphotoxin-Ps1a (formerly phrixotoxin-1 from the venom of Paraphysa scrofa, family Theraphosidae); TTX, tetrodotoxin.
number of agriculturally and medically important arthropod pests (Maggio and King, 2002a; Tedford et al., 2007; Wang et al., 2000) , however it lacks overt toxicity against a number of vertebrates including mice, rabbits, rats and chickens (Wang et al., 2000) . Whole-cell patch-clamp studies on American cockroach (Periplaneta americana) dorsal unpaired median (DUM) neurons revealed that k-HXTX-Hv1c selectively targets voltage-gated potassium currents (I K ) (Gunning et al., 2008) . The selective inhibition of the global I K is a result of potent block of large-conductance calcium-activated potassium (K Ca 1.1) channel currents (IC 50 of 2 and 240 nM for native and expressed channels, respectively), and a minor inhibition of K A channel currents (Gunning et al., 2008) . Block of K Ca 1.1 was found to be insect-selective, confirmed by a lack of activity on native rat dorsal root ganglion, and heterologously expressed mouse (mSlo) K Ca 1.1 channels.
Despite the potent and, seemingly, selective actions of k-HXTXHv1c on insect K Ca 1.1 channels, this fails to conclusively demonstrate that K Ca 1.1 channels are the lethal target in insects. Although evidence indicates that the pharmacophores for block of K Ca 1.1 channels and insect lethality are almost identical (Gunning et al., 2008) , it cannot be ruled out that the same, or overlapping, residues are responsible for toxin interactions with additional targets that remain unexplored. The evidence that brings into question whether the K Ca 1.1 channel is the prime insecticidal target arises from the finding that genetic mutations that eliminate I KCa do not appear to be lethal in Drosophila (Elkins et al., 1986 ). In addition, there are several other neurological ion channel targets that merit further investigation.
There are range of insect voltage-and neurotransmitter-gated receptors that represent potential candidates for the lethal activity of k-HXTX-Hv1c. The prospective voltage-gated ion channel targets include the transient potassium current (Gunning et al., 2008) and the, yet untested, sodium-gated potassium channel; while neurotransmitter-gated contenders include the excitatory nicotinic-gated acetylcholine receptor (nAChR) or the inhibitory glutamate-(GluCl) and GABA-gated (GABA-Cl) chloride receptors. Receptor subtypes within these neurotransmitter families are not well characterized in insects, however studies suggest that at least two subtypes exist for each receptor based on pharmacological and kinetic profiles. GABA subtypes are distinguished by dieldrin, fipronil and picrotoxinin block (Le Corronc et al., 2002) , GluCl by sensitivity to fipronil and the presence of desensitization (Narahashi et al., 2010) and nAChR by sensitivity to a-bungarotoxin (a-BgTx) . Investigations on cockroach neurons have revealed that a-BgTx sensitive nAChR receptors may even be dissected further based on mixed nicotine, muscarinic activity with slow or fast current decay (Lapied et al., 1990) , and sensitivity to spinosyn A (Salgado and Saar, 2004) , while a-BgTx resistant receptor subtypes are defined by sensitivity to D-tubocurarine (AChR1 and nAChR2) (Courjaret and Lapied, 2001) .
The initial aim of this study was to determine if K Ca 1.1 channels are viable insecticide targets. Considering the absence of lethal effects following block of insect K V channels, the subsequent aim of this study was to determine additional targets capable of mediating the lethal effects of k-HXTX-Hv1c in insects. The present study found that there were no significant effects of k-HXTX-Hv1c on GABA A R, and only minor effects on GluClR currents, however, it was found that k-HXTX-Hv1c caused a potent concentrationdependent positive allosteric modulation of nAChR. This was associated with a prolongation of the decay of nicotine-evoked currents and the reversal of nAChR desensitization. As the nAChR is already a known target of insecticides this receptor is the most likely candidate for the lethal excitatory activity of k-HXTX-Hv1c.
Materials and methods

Acute toxicity testing
The insecticidal activity of several K V channel blockers was assessed in unsexed 3 rd e4th instar juvenile house crickets (Acheta domesticus; Pisces Enterprises Pty. Ltd., Kenmore, Queensland). Crickets of mass 80e120 mg were injected intrathoracically with 2e6 ml of solution using a 0.5 ml precision syringe. An Arnold microapplicator (Burkhard Scientific Supply, Rickmansworth, England) was used to inject toxin into the upper dorsal region of the thorax, between the second and third pair of legs, using a 29-gauge syringe. Purified toxins were dissolved in normal insect saline (NIS) containing (in mM): NaCl 200, KCl 3.1, CaCl 2 5.4, MgCl 2 4, NaHCO 3 2, Na 2 HPO 4 0.1 with the addition of 0.1% bovine albumin serum (BSA) to reduce non-specific binding, and the pH adjusted to 7.4 with 1 M NaOH. Concentrated toxin solutions were made up in >90% NIS. In addition, paxilline was dissolved in 0.7% v/v ethanol in insect saline. Control experiments indicated that the presence of 0.7% v/v ethanol did not cause any overt signs of acute toxicity in crickets.
Between 10 and 30 crickets were injected at each toxin concentration with 5 ml/100 mg bodyweight, while a control group of 10 crickets were injected with insect saline/0.1% BSA. Percentage lethality was noted at 12, 24, 48 and 72 h following injection. Knockdown, defined as the loss of the righting reflex or the inability to remain upright, was also recorded at the same time points. Median knockdown (KD 50 ) and lethal (LD 50 ) doses were calculated from data fitted by a Logistic equation (See Eq. (2)).
Isolation of insect neurons
The whole-cell patch-clamp technique was employed to identify the lethal target(s) of k-HXTX-Hv1c in the insect nervous system (Hamill et al., 1981) . Dorsal unpaired median (DUM) neurons were used in this study, as they are the most comprehensively characterized neurons in the insect nervous system. They generate spontaneous action potentials and contain a range of voltage-gated and neurotransmitter-gated ion channels known to play fundamental roles in the insect nervous system (Grolleau and Lapied, 2000; Wicher et al., 2001) . Furthermore, they contain all the ion channels groups targeted by insecticides to date and as such are a useful model for the purpose of this study. DUM neurons, isolated from the terminal abdominal ganglion (TAG) of unsexed American cockroaches (Periplaneta americana), were used for all patch-clamp experiments in this study (Gunning et al., 2008; Lapied et al., 1989; Windley et al., 2011) . Single adult DUM neurons were isolated from cockroach TAG through mechanical and enzymatic dissociation, as previously described (Gunning et al., 2008; Windley et al., 2011) . Briefly, TAG were dissected from the ventral nerve cord and transferred to Ca 2þ / Mg 2þ -free NIS containing (in mM): NaCl 180, KCl 3.1, N-hydroxyethylpiperazine-N-ethanesulfonic acid (HEPES) 10 and D-glucose 20. Following the mechanical removal of the external sheath, TAG were incubated in 1 mg/ml collagenase (type IA) dissolved in NIS for 40 min at 29 C. Ganglia were washed and resuspended in NIS supplemented with 5% fetal bovine serum (FBS) and 0.1% penicillin/ streptomycin. Individual neurons were dissociated by gentle trituration of ganglia through a lightly fire-polished Pasteur pipette. Dissociated neurons were dispensed onto 12-mm diameter glass coverslips pre-coated with 1 mg/ml concanavalin A (type IV) and maintained in NIS supplemented with 5% FBS and 0.1% penicillin/ streptomycin at 30 C, 100% humidity for no longer than 24 h.
Whole-cell patch-clamp electrophysiology
Ion channel currents and action potentials were evoked in voltage-clamp and current-clamp mode, respectively. Data were recorded using the PCLAMP (versions 9 and 10) data acquisition system (Molecular Devices, Sunnyvale, CA, USA) and filtered at 5 kHz with a low-pass Bessel filter. Leakage and capacitive currents were subtracted using P-P/4 procedures. Digital sampling rates were between 15 and 25 kHz for voltage-gated ion channel recordings and 2 kHz for transmitter-gated ion channel recordings. Single-use electrodes were pulled from borosilicate glass with d.c. resistances of ca. 1, 1.5 and 2.5 MU for Na V , Ca V and K V channel current recordings, respectively, and 1e2 MU for glutamate-, GABA-and nicotinic acetylcholine-gated (nACh) channel current recordings. Liquid junction potentials for the various combinations of internal pipette and external bath solutions were calculated using JPCALC (Barry, 1994) , and all data were compensated for these values. Series resistance compensation was >80% for all cells. Cells were bathed in external solution through a continuous pressurized perfusion system at 1 ml/min, while toxin and receptor agonist solutions were introduced via direct pressurized application via a perfusion needle at ca. 50 ml/min/psi (Automate Scientific, San Francisco, CA). All experiments were performed at ambient room temperature (20e23 C).
Action potential recordings
Cockroach DUM neurons are spontaneously active and at resting membrane potentials most are capable of generating repetitive overshooting action potentials with firing frequencies of around 6e7 Hz (Grolleau and Lapied, 2000) . To record spontaneous action potentials under current-clamp conditions the external solution contained (in mM): NaCl 190, KCl 3.1, CaCl 2 5, MgCl 2 4 and HEPES 10. The pH was adjusted to 7.4 with 1 M NaOH. Internal pipette solutions for recording action potentials included (in mM): K gluconate 160, KF 10, CaCl 2 0.5, NaCl 15, MgCl 2 1, HEPES 10 and EGTA 10. The pH was adjusted to 7.4 with 2 M KOH and the osmolarity of both internal and external solutions was adjusted to 400 ± 5 mOsmol/L with sucrose. In order to record spontaneous action potentials, gap-free recordings for 5 s were made at 1-min intervals in the absence of current stimuli.
Voltage-gated ion channel electrophysiology
To record the effects of k-HXTX-Hv1c on isolated voltage-and neurotransmitter-gated ion channels a number of voltage-clamp protocols, different bathing and pipette solutions, as well ion channel blockers, were used.
The external bath solution for recording all DUM neuron I K, apart from I K(Na) , contained (in mM): NaCl 150, KCl 30, CaCl 2 5, MgCl 2 4, TTX 0.3, HEPES 10 and D-glucose 10. The pipette solution consisted of (in mM): KCl 135, KF 25, NaCl 9, CaCl 2 0.1, MgCl 2 1, EGTA 1, HEPES 10 and ATP-Na 2 3.
To record outward I K(DR) in DUM neurons, I K(A) were blocked by the addition of 5 mM 4-aminopyridine (4-AP) to the external solution (Grolleau and Lapied, 1995; Gunning et al., 2008; Windley et al., 2011) . I K(Na) and voltage-gated Na þ channel currents (I Na )
were blocked by the addition of 300 nM TTX to the external solution, while K Ca 1.1 channels were blocked by the combination of 30 nM IbTx and 1 mM CdCl 2 that also blocked voltage-gated Ca 2þ (Ca V ) channels. K Ca 1.1 channel currents (I BK(Ca) ) could not be recorded in isolation from I K(DR) because there are no selective blockers of insect I K(DR) . Consequently, K Ca 1.1 channel current isolation was achieved using the following procedure (Gunning et al., 2008; Windley et al., 2011) . Initially, both I K(DR) and I K(Ca) were recorded concurrently (protocol 1). Secondly, the test compound was applied and wholecell currents were recorded until equilibrium was reached (typically 5 min of perfusion; protocol 2). Finally, 100 nM IbTx was perfused to completely eliminate I BK(Ca) (protocol 3). The subsequent isolation of I K(Ca) was achieved by offline subtraction of the remaining I K(DR). Thus: I BK(Ca) control ¼ protocol 1 e protocol 3; while I BK(Ca) toxin ¼ protocol 2 e protocol 3. 1 mM CdCl 2 and 5 mM 4-AP were included in the external solutions to block Ca V channel currents and I K(A) , respectively (Grolleau and Lapied, 1995; Gunning et al., 2008; Windley et al., 2011) . Test pulses to þ30 mV for 100 ms from a holding potential (V h ) À80 mV delivered at 0.1 Hz were used to evoke outward non-inactivating K DR and K Ca 1.1 channel currents. To determine the voltage-dependence of channel activation, families of I K were evoked by 100-ms depolarizing test pulses from À80 to þ60 mV in 10-mV increments, at 0.1 Hz.
To record transient I K(A) , 1 mM CdCl 2 and 30 nM IbTx were introduced in the external solution to block K Ca 1.1 channel currents. Furthermore, the [K þ ] ext was reduced from 30 mM to 7 mM KCl in order to increase the K þ driving force and obtain larger I K(A) . As with I BK(Ca) , I K(A) cannot be recorded in isolation from I K(DR) due to the lack of selective blockers of insect I K(DR) . Therefore, I K(A) were isolated from I K(DR) using voltage protocols designed to exploit the inactivation of I K(A) by depolarizing prepulses (Grolleau and Lapied, 1995) . Initially, both I K(A) and I K(DR) were elicited by a 100-ms depolarizing test pulse to þ40 mV preceded by a 1-s prepulse potential to À100 mV (protocol 1). On every alternate pulse, I K(DR) were recorded in isolation by changing the 1-s prepulse to À20 mV to inactivate I K(A) (protocol 2). In order to isolate I K(A) , the currents resulting from protocol 2 (I K(DR) ) were digitally subtracted offline from the currents resulting from protocol 1 (I K(DR) þ I K(A) ) (see Fig. 1G ). Pulse protocols were delivered at 0.33 Hz. Families of I K(A) and I K(DR) were evoked to assess the voltage dependence of any toxin actions. Test pulses of 100-ms duration from À80 to þ60 mV in 10-mV increments, preceded by a 1-s À100 mV (protocol 1) or À20 mV (protocol 2) prepulse, were used to evoke I K(DR) and I K(A) or I K(DR) , respectively. In order to isolate I K(A) families, currents resulting from protocol 2 were subtracted offline from those evoked by protocol 1. To record outward transient sodium-activated K V channel currents (I K(Na) ), recording solutions adapted from Grolleau and Lapied (1994) were utilized. External solutions contained (in mM): NaCl 100, Tris-Cl 70, KCl 3.1, CaCl 2 1.8, MgCl 2 4, HEPES 10, CdCl 2 1, and 30 nM IbTx, adjusted to pH 7.4 with 1 M NaOH. Neither 4-AP nor TTX were included in the external solution as they both block I K(Na) . The pipette solution contained (in mM): KCl 135, KF 25, NaCl 9, CaCl 2 0.1, MgCl 2 1, HEPES 10, EGTA 1 and ATP-Na 2 3, adjusted to pH 7.4 with 2 M KOH. To isolate I K(Na) , channel currents were initially recorded in the absence of TTX. The outward I K(Na) is activated by Na þ and as such channel activation is closely correlated with the inward Na V current and subsequently both are blocked by TTX (Grolleau and Lapied, 1994) . To record I K(Na) in isolation a similar technique to I K(Ca) isolation was employed. Initially, I K(Na) and I Na were recorded concurrently (protocol 1). Secondly, the test substance was applied and recordings were made until equilibrium was reached (protocol 2). Finally, 300 nM TTX was added in order to block I K(Na) and I Na (protocol 3). Subsequently, through employing offline subtraction of currents evoked by protocol 3 from both protocol 1 and protocol 2, the portion of the outward current sensitive to TTX could be identified. Unfortunately, I K(Na) could not be recorded in isolation from I K(A) as the only characterized blocker of K A channels, 4-AP, additionally inhibits K Na channels (data not shown). As I K(Na) were evoked by test pulses to À10 mV from a holding potential of À90 mV, the contribution of I K(A) would be minimal but still significant enough to take into consideration.
Neurotransmitter-gated ion channel electrophysiology
The effects of k-HXTX-Hv1c were also assessed on Glu-Cl, GABA- To record nAChR channel currents (I nAChR ) the external bath solution included (in mM): NaCl 200, KCl 3.1, CaCl 2 5, MgCl 2 4, HEPES 10 and 300 nM TTX, pH adjusted to 7.4 with 1 M NaOH. The internal pipette solution contained (in mM): NaCl 10, KCl 170, CaCl 2 0.5, MgCl 2 1, HEPES 20, EGTA 10, ATP-Mg 2 3, pH adjusted with 2 M KOH.
I Glu-Cl , I GABA-Cl and I nAChR were activated by their cognate neurotransmitters delivered through a pressurized Picospritzer system (Parker, Castle Hill, Australia). Solutions under pressure (2e5 psi) were introduced through a glass micropipette (resistance <0.5 MU when filled with agonist) positioned within 50 mm of the DUM neuron. This system allowed for controlled and direct application of agonist while minimizing channel desensitization. With a constant bath flow of 1 ml/min the agonist was rapidly removed from the vicinity surrounding the cell. In no experiment did the pressurized injection of the bath solution with the same protocol result in any deviation from the baseline current.
To establish an agonist dose-response relationship for neurotransmitter-gated ion channels PCLAMP digital inputs were employed to program agonist pulse protocols of varying durations. Assuming a constant pressure is applied, the pulse duration has been shown to be proportional to the log [agonist] value at any point on the cell membrane (McCaman et al., 1977) . To confirm that the volume of solution delivered and the pulse duration employed were directly proportional, droplets of solution were injected into a droplet of immersion oil for a known duration and the change in oil droplet diameter was calculated as an indirect measurement of volume (data not shown). This approach has been employed in a number of previous studies with insect neurons (Courjaret et al., 2003; Lapied et al., 1990) . To determine if k-HXTX-Hv1c alters the sensitivity of transmitter-gated channels to glutamate, GABA or nicotine, dose-response curves were generated from agonist applications ranging from 2.5 to 1520 ms for I Glu-Cl , 100e1600 ms for I GABA-Cl and 4e33 ms for I nAChR . Inward currents were evoked at 1-min intervals and gap-free recordings of up to 10 s duration were recorded at À50 mV.
The voltage-dependence of the effect of k-HXTX-Hv1c on I Glu-Cl , I GABA-Cl and I nAChR were determined in response to 10 ms, 400 ms and 10 ms pulses of agonist, respectively. The membrane voltage was stepped in 10-mV intervals from À70 to þ70 mV for durations of 16.25 s from a holding potential of À50 mV for I Glu-Cl and I GABA-Cl or 20-mV intervals from À90 to þ30 mV from a holding potential of À50 mV for I nAChR . Agonist pulses were applied 3.75 s into the voltage step to allow voltage gated currents to reach steady state and currents were allowed to resolve before stepping back to the holding potential. The membrane potential was held at À50 mV between pulses and during the first and last 5 ms of the pulse protocol. Currents were evoked at 1-min intervals.
In order to assess the ability of a toxin to reverse nAChR desensitization to nicotine, 5-min nicotine pulses were applied at low pressure (2e3 psi) via the Picospritzer pressure ejection system. The toxin was applied 100 s into the nicotine pulse, when channels were partially or fully sensitized. Nicotine delivery was ceased prior to the removal of k-HXTX-Hv1c.
SH-SY5Y cell culture
SH-SY5Y human neuroblastoma cells were maintained in RPMI medium (ThermoFisher Scientific, Scoresby, Australia) supplemented with 15% foetal bovine serum and L-glutamine and passaged every 3e5 days using 0.25% trypsin/EDTA (ThermoFisher Scientific). For fluorescence measurements of a3b2/a3b4, (henceforth known as a3-containing; a3*) and a7 nAChR activity, cells were plated at a density of 30,000 cells/well on 384-well blackwalled imaging plates (Corning) 48 h, prior to FLIPR assays.
2.5. Fluorescence measurement of a7 and a3* nAChR activity Fluorescence measurement of a7 and a3* nAChR activity were performed using the FLIPR TETRA fluorescence plate reader (Molecular Devices, Sunnyvale, CA) as previously described (Vetter and Lewis, 2010) . In brief, SH-SY5Y cells were loaded with Calcium 4 no-wash dye (Molecular Devices) diluted in physiological salt solution with the following composition (in mM): NaCl 140, D-glucose 11.5, KCl 5.9, MgCl 2 1.4, NaH 2 PO 4 1.2, NaHCO 3 5, CaCl 2 1.8, HEPES 10, for 30 min at 37 C. To assess activity of endogenously expressed human nAChR, fluorescence responses (excitation 470e495 nm; emission 515e575 nm) to addition of k-HXTX-Hv1c were assessed for 5 min prior to stimulation with agonist. Nicotine (30 mM) was used to activate endogenously expressed human a3* nAChRs, while endogenously expressed human a7 nAChRs were activated using the a7 nAChR agonist choline (30 mM) in the presence and absence of the positive allosteric modulator PNU120596 (10 mM). Raw fluorescence readings were converted to response over baseline using the analysis tool SCREENWORKS 3.1.1.4 (Molecular Devices) and were expressed relative to the maximum increase in fluorescence of control responses.
Data analyses
Patch-clamp data analyses were completed off-line following experimentation using AXOGRAPH X version 1.1 (Molecular Devices). Mathematical curve fitting was achieved using PRISM version 6.00c for Macintosh (GraphPad Software, San Diego, CA, USA). All curve-fitting routines were performed using non-linear regression analysis employing a least squares method. Comparisons of two sample means were made using a paired Student's ttest. Multiple comparisons were assessed by repeated measures of analysis of variance (ANOVA) with a Bonferroni's multiple comparison post-hoc test; differences were considered to be significant if p < 0.05. All data are presented as mean ± standard error of the mean (SEM) of n independent experiments, unless stated otherwise. The following equation was employed to fit current-voltage (I-V) curves:
where I is the amplitude of the peak current (either I Ba , I Na , I K , I Glu-Cl , I GABA-Cl or I nAChR ) at a given test potential V, g max is the maximal conductance, V 1/2 is the voltage at half-maximal activation, s is the slope factor, and V rev is the reversal potential. Concentration-response curves were fitted using the following Logistic equation:
where x is the toxin dose, n H is the Hill coefficient (slope parameter), and IC 50 is the concentration at which 50% block of channel current is evident. In the case of concentration-response curves to a neurotransmitter, the IC 50 value was substituted by ED 50 ; the agonist pulse duration that gives a half-maximal response.
Source of chemicals
All chemicals were of analytical grade. Iberiotoxin, charybdotoxin, margatoxin, k-SPRTX-Hv1b (formerly heteropodotoxin-2) and paxilline were purchased from Alomone Labs (Jerusalem, Israel). CaCl 2 and MgCl 2 were obtained from Merck Chemicals (Kilsyth, Australia). BDS-I and k-TRTX-Ps1a (formerly phrixotoxin-1) were generously provided by Dr Sylvie Diochot and Dr Pierre Escoubas, respectively (IPMC, CNRS, Valbonne, France). k-HXTXHv1c was generously provided by Prof. Glenn King (Institute for Molecular Bioscience, University of Queensland, Australia). All remaining chemicals were purchased from Sigma-Aldrich (Castle Hill, Australia).
Results and discussion
In the present study we obtained acute toxicity and electrophysiological data indicating that block of insect K V 4-like and/or K Ca 1.1 channels by k-HXTX-Hv1c does not produce lethal effects in insects. We also report a novel action of k-HXTX-Hv1c as a positive allosteric modulator (PAM) of insect nAChR, a known mode-ofaction of current insecticides, which likely explains its neurotoxicity. Therefore k-HXTX-Hv1c represents a promising lead compound in the development of insecticides targeting nAChR through a novel mechanism.
3.1. K Ca 1.1 channel toxins fail to induce insect lethality Previous studies on cockroach DUM neurons indicate that the K Ca 1.1 channel is a target of k-HXTX-Hv1c in insect neurons, however it remains to be proven whether block of this channel is in fact lethal to insects. We therefore assayed a number of K Ca 1.1 channel toxins for neurotoxic activity in house crickets, including the insectselective k-HXTX-Hv1c and classical K Ca 1.1 channel blockers including: paxilline, a non-peptidic tremorgenic indole alkaloid isolated from the fungus Penicillium paxilli (Cole et al., 1974) ; the well characterized but target non-selective ChTx that inhibits K Ca 1.1, K V 1.2, K V 1.3 and K V 1.8 channels (Grissmer et al., 1994; Miller et al., 1985) ; and, the selective K Ca 1.1 channel blocker IbTx (Galvez et al., 1990) . Both ChTx and IbTx have both been shown to potently inhibit K Ca 1.1 channels in cockroach DUM neurons (Windley et al., 2011; Gunning et al., 2008) . Although the activities of paxilline have also been assessed on a number of mammalian K Ca 1.1 channels, little is understood concerning its acute toxicity in invertebrates.
Paxilline is one of the most potent non-peptidic blockers of K Ca 1.1 channels in vertebrates (Sanchez and McManus, 1996) and was of importance to the present study as it has been shown to display insecticidal properties (Belofsky et al., 1995) . Therefore, prior to assessing the neurotoxic effects of paxilline in insects it was essential to firstly confirm the inhibitory action of paxilline on K Ca 1.1 channels in cockroach DUM neurons. As expected, paxilline was found to potently block cockroach DUM neuron peak and late I BK(Ca) evoked at þ30 mV with IC 50 values of 13.6 ± 1.4 nM and 12.5 ± 1.7 nM, respectively (n ¼ 3e9; Fig. 1AeB,F ) with no overt effects on I K(A) , I K(DR) , I K(Na) (Fig. 1C-G) , I Ca or I Na (data not shown). Like IbTx, paxilline therefore appears to be a potent and selective blocker of both mammalian and insect K Ca 1.1 channels.
Acute toxicity testing was carried out on house crickets following intrathoracic injections. High concentrations of paxilline up to 2 nmol/g failed to induce insect lethality. The volume of toxin added during acute toxicity experiments was equivalent to 5% of the cricket body weight. Assuming a 5% dilution, a 2 nmol/g toxin injection is equivalent to at least 100 nM in vivo, a concentration that should induce complete block of the target channel for each of the toxins tested.
Furthermore, acute toxicity testing of all three selective K Ca 1.1 channel blockers resulted in only minor signs of toxicity including twitching limbs and intermittent abdominal contractions, but at no time was there any paralysis or death due to these toxins. At toxin concentrations of 2e5 nmol/g no signs of toxicity were evident at time points beyond 2 h (Fig. 2A) . These minor effects with classical K Ca 1.1 channel blockers are in contrast to the lethal neurotoxicity demonstrated by k-HXTX-Hv1c at doses >10-fold lower in house crickets (LD 50 167 pmol/g after 48 h; Wang et al., 2000) . These results suggest that selective block of the insect K Ca 1.1 channel is not sufficient to induce the potent lethal effects demonstrated by k-HXTX-Hv1c in insects.
Under current-clamp conditions, spontaneous action potentials were recorded from DUM neurons to assess whether k-HXTX-Hv1c
had any overt effects on action potential firing frequency. In the absence of any channel blockers, cells exhibited resting membrane potentials of À49.9 ± 1.0 mV (n ¼ 52) and overshooting potentials of approximately þ120 mV. In the presence of 100 nM k-HXTXHv1c, spontaneous firing frequency showed a small but nonsignificant increase from 4.0 ± 0.6 Hz in controls (n ¼ 52) to 6.0 ± 3.0 Hz in the presence of toxin (n ¼ 4, p > 0.05; Fig. 2C,F) . The resting membrane potential remained unaltered in the presence of 100 nM k-HXTX-Hv1c (À54.1 ± 1.5 mV, n ¼ 4, p > 0.05). Similar to k-HXTX-Hv1c, 100 nM IbTx did not significantly alter spontaneous activity with a spike frequency of 4.4 ± 1.1 Hz (n ¼ 7, p > 0.05, Fig. 2D ,F). In agreement with previous reports (Grolleau and Lapied, 1995) , it was evident that the I K(A) blocker, 4-AP, more significantly influenced action potential firing frequency. 4-AP is often used to isolate I K(A) in DUM neurons at low micromolar concentrations (Grolleau and Lapied, 1995) and was selected to assess the ability of I K(A) block to mimic the lethal, neurotoxic activity of k-HXTX-Hv1c.
Almost immediately following application of 5 mM 4-AP, firing frequency was increased to 12.1 ± 4.7 Hz (n ¼ 5, p < 0.05; Fig. 2EeF ). The ability of 4-AP to increase firing frequency is believed to be a consequence of enhanced sensitivity to stimulus evidenced by a reduction in the minimum refractory period (Grolleau and Lapied, 1995) .
Validation of K A channels as a potential insecticidal target
Due to the reported modest effects of k-HXTX-Hv1c on insect (Gunning et al., 2008) , and the notable increase in AP firing frequency in the presence of 4-AP, the potential of I K(A) blockers to induce neurotoxic symptoms in insects was also investigated. Acute insect toxicity testing in house crickets resulted in overt signs of neurotoxicity within 15 min following the injection of 4-AP at concentrations >100 nmol/g. Signs of neurotoxicity were initially characterized by twitching of legs and antennae and intermittent abdominal contractions. Within the first hour, symptoms progressed to uncoordinated movement and the absence of righting reflexes, characterized as knockdown, while at 48 h crickets were dead. At concentrations >100 nmol/g knockdown occurred within the first hour, while death was recorded at >24 h post injection. The 48 h KD 50 and LD 50 values for 4-AP were 410 ± 7 nmol/g and 496 ± 10 nmol/g, respectively (n ¼ 3; Fig. 2AeB ). The progressive spastic paralysis, followed by a period of flaccid paralysis and death is reminiscent of the phenotype exhibited by k-HXTX-Hv1c in a number of insects (Maggio and King, 2002a; Tedford et al., 2007; Wang et al., 2000) . These results suggest that block of I K(A) may be sufficient to induce lethal neurotoxicity in insects, and therefore at least one of the channels responsible for the insect I K(A) may be the lethal target of k-HXTX-Hv1c.
Effects of k-HXTX-Hv1c on A-type transient K V channel subtypes
The modest inhibition of I K(A) by k-HXTX-Hv1c, highlights a K A channel as a potential insecticidal target of k-HXTX-Hv1c. Interestingly, no more than 30% inhibition of I K(A) was observed in the presence of k-HXTX-Hv1c concentrations up to 5 mM (n ¼ 5; Fig. 3AeB, D) . This inhibition had a relative IC 50 of 85 nM (n ¼ 3), a value over 40-fold less potent than for inhibition of K Ca 1.1 channels in cockroach DUM neurons (Gunning et al., 2008) . Similar to the inhibition of K Ca 1.1 channels, inhibition of I K(A) occurred without any significant changes in the voltage dependence of activation (Fig. 3CeD) . To interpret these results, we considered the possibility that multiple K V channel currents may contribute to I K(A) in cockroach DUM neurons, of which only one is sensitive to k-HXTX-Hv1c.
While it is known that several members of the Shaker channel family contribute to the K V current in insects, the lack of selective blockers has made the identification of these channels difficult in native insect neurons (Grolleau and Lapied, 1995) . Given the high sequence homology with the mammalian counterparts of these distinct families of K V channels, we elected to test several known mammalian K V channel blockers in insects. According to expression studies with Drosophila K V channels, the shal and shaker genes appear to encode A-type transient K V channel currents while the shab and shaw genes encode for delayed-rectifier channels with somewhat slower activation and inactivation kinetics (Covarrubias et al., 1991) .
Initially, the selective K V 1 (Shaker-like) channel blocker margatoxin from the venom of the scorpion Centruroides margaritatus (Bednarek et al., 1994; Garcia-Calvo et al., 1993) was tested on DUM neuron I K(A) . As illustrated in Fig. 4A and 1 mM margatoxin failed to alter the amplitude or kinetics of the I K(A) (4.0 ± 2.7% inhibition; n ¼ 4, p > 0.05, pulse protocol 4G). Furthermore, margatoxin did not alter the threshold of channel activation nor did it modify the V 1/2 (control ¼ À31.2 ± 1.5 mV vs. margatoxin ¼ À35.5 ± 3.2 mV; n ¼ 3, p > 0.05, data not shown).
The K V 3 (Shaw-like) channel toxin BDS-I from the sea anemone (Anemonia sulcata) (Yeung et al., 2005) was tested on the DUM neuron K A and K DR currents using a dual pulse protocol to evoke channel currents. At concentrations up to 1 mM, BDS-I did not significantly alter the delayed-rectifier portion of the current recorded following a þ30-mV voltage step (8.2 ± 2.3% decrease, n ¼ 3, p > 0.05, Fig. 4B , G). Covarrubias and colleagues have shown that the Drosophila Shaw channel expressed in Xenopus oocytes possesses similar voltage-independent properties (Covarrubias et al., 1991) to the native I K(DR) . This suggests that the major channel subtype responsible for mediating I K(DR) in cockroach DUM neurons is the K V 3-like Shaw channel. However, BDS-I either does not block insect Shaw channels or, with the limited amount of material at our disposal, the concentrations tested were insufficient.
As shal is believed to encode for the majority of transient K V channels in embryonic Drosophila neurons (Tsunoda and Salkoff, 1995 ) the effects of K V 4 (Shal-like) channel blockers on I K(A) were examined. k-TRTX-Ps1a (formerly phrixotoxin-1; King et al., 2008) is known to block K V 4 and K V 2 (Shab-like) channels in vertebrates (Diochot et al., 1999) . Given the high homology of k-TRTX-Ps1a with the insecticidal K Ca 1.1 channel toxins isolated from the spider Eucratoscelus constrictus (Windley et al., 2011) and its ability to block mammalian K V 4 channels, this toxin was predicted to target DUM neuron I K(A) . Using a dual prepulse protocol to evoke I K(A) , the application of 200 nM k-TRTX-Ps1a was found to reduce I K(A) by 20.6 ± 1.2% (n ¼ 4; p < 0.05; Fig. 4C,G) . In comparison, vertebrate K V 4.3 channels expressed in COS cells were almost completely abolished at concentrations greater than 200 nM (Diochot et al., 1999) , suggesting that either insect K V channels display differing sensitivity to their mammalian counterparts, or that the I K(A) of DUM neurons comprises of other K V 4-like (Shal) channels that remain relatively insensitive to the actions of k-TRTX-Ps1a.
Although the effects of k-TRTX-Ps1a on insect I K(A) were significant, they may represent a non-selective block of K V 2 (Shab) channels. Therefore, it was necessary to test a toxin known to selectively block mammalian K V 4 (Shal-like) channels that did not affect K V 2 (Shab-like) channels. k-SPRTX-Hv1b (formerly heteropodotoxin-2) does not modulate the activity of Shaker, Shab or Shaw currents in vertebrates, nor does it inhibit mammalian Ca V and Na V channel currents (Sanguinetti et al., 1997) . Application of 500 nM k-SPRTX-Hv1b was found to block 23.9 ± 4.7% (n ¼ 6, p < 0.05, Fig. 4D ) of the I K(A) in DUM neurons. This appears to be a saturating concentration as a similar degree of block was also seen in the presence of 100 nM k-SPRTX-Hv1b (24.4 ± 5.7%, n ¼ 6, data not shown). Interestingly, the portion of I K(A) block correlated well with the results observed in the presence of k-HXTX-Hv1c.
k-HXTX-Hv1c and k-SPRTX-Hv1b share a common insect target
To determine whether both k-SPRTX-Hv1b and k-HXTX-Hv1c
block the same portion of I K(A) , a number of co-application experiments were designed. Similar to previous experiments, I K(A) were evoked using a dual prepulse protocol and isolated following offline digital subtraction. Initially, DUM neurons were exposed to a saturating concentration of one toxin until equilibrium was achieved, after which a saturating concentration of the other toxin was added to the perfusion solution and the two toxins applied together (Gunning et al., 2008) . I K(A) were recorded for a further 5 min to evaluate the occurrence of any additional current block. Following 23.9 ± 4.7% inhibition of I K(A) by 500 nM k-SPRTX-Hv1b, subsequent application of 500 nM k-HXTX-Hv1c failed to further inhibit the current, which remained at 23.0 ± 4.1% inhibition (n ¼ 3, p < 0.05; Fig. 4E ). In the complementary experiment, 500 nM k-SPRTX-Hv1b also failed to cause further inhibition of I K(A) following exposure to 500 nM k-HXTX-Hv1c (n ¼ 3; Fig. 4F ). These findings suggest that k-HXTX-Hv1c inhibits the same channel as the established selective K V 4 blocker k-SPRTX-Hv1b. Therefore, we propose that k-HXTXHv1c blocks the K V 4 channel equivalent to Shal in insects (Butler et al., 1989; Wei et al., 1990) .
K A and K Ca 1.1 channel toxins are not lethal in crickets
Subsequently, acute insect toxicity assays were used to assess the neurotoxicity of K V 4 (Shal-like) channel blockers in house crickets. No neurotoxic symptoms were observed following the injection of up to 5 nmol/g of k-SPRTX-Hv1b at a 48-h endpoint ( Fig. 2A) . To eliminate the possibility of an obligate relationship where both K Ca 1.1 and K V 4-like channel block are required for insecticidal activity, insects were also simultaneously injected with k-SPRTX-Hv1b and the selective K Ca 1.1 channel blocker IbTx, in a 1:1 stoichiometry. Again, following injection of doses up to 2 nmol/ g of each toxin, the crickets failed to exhibit any overt signs of neurotoxicity ( Fig. 2A) . The lethal effects of 4-AP in insects are most likely explained by combined block of I K(A) (including K V 1 and Kv4) and other voltage-gated channels, such as K Na (Covarrubias et al., 1991; Gasque et al., 2005; Peng and Wu, 2007; Stocker et al., 1990; Wei et al., 1990) . Subsequently, the results of this study indicate that block of K v 4-like channels alone or in combination with K Ca 1.1 is not sufficient to result in the insecticidal activity induced by k-HXTX-Hv1c.
Minor effects of k-HXTX-Hv1c on K Na channel currents
Of the K V channels known to be present in cockroach DUM neurons Lapied, 1994, 1995) , only the K Na channel remained untested as a potential target of k-HXTX-Hv1c. Accordingly, K Na channel currents in DUM neurons were elicited in the presence of the inward I Na and isolated through offline subtraction routines ( Fig. 5A,C ; see methods for further details). Unfortunately 4-AP could not be used to block I K(A) as it also inhibits I K(Na) (Grolleau and Lapied, 1994; Wicher et al., 2001 ). The absence of I K(A) block when recording K Na channel currents causes somewhat of a dilemma given the reported modest inhibition of I K(A) by k-HXTXHv1c in DUM neurons. In the presence of 1 mM k-HXTX-Hv1c K Na currents were reduced by 27.6 ± 9.3% (n ¼ 4, p < 0.05; Fig. 5B ). Due to the presence of I K(A) , moderate block of K Na in the presence of k-HXTX-Hv1c does not necessarily confirm or eliminate this channel as a possible target. However, the current inhibition does not appear to be substantially greater than the 24.9 ± 3.6% (n ¼ 4, p < 0.05) I K(A) inhibition at À10 mV (Fig. 3C) . These results further highlight the need to identify more selective toxins for the isolation of channel currents in native insect neurons.
Effects of k-HXTX-Hv1c on nACh receptor currents
Several other potential targets are capable of mediating rapid neurotoxicity in insects, including the neurotransmitter-gated nACh, Glu-Cl and GABA receptors. In a further attempt to identify the lethal target of k-HXTX-Hv1c we tested the effects of the toxin on DUM neuron nAChRs. In cockroach DUM neurons from the terminal abdominal ganglion application of nicotinic agonists results in a biphasic response characterised by fast and slow components (Lapied et al., 1990) . We found that concentrations up to 1 mM k-HXTX-Hv1c failed to significantly affect the amplitude or decay rate of the fast (0e700 ms) transient desensitizing I nAChR (n ¼ 5, p > 0.05; Fig. 6AeB and 7A) , however, within 5 min of toxin application, k-HXTX-Hv1c produce a concentration-dependent slowing of the decay rates of the slow (>700 ms) nondesensitizing I nAChR (Fig. 7B) .
In addition, an apparent slower secondary I nAChR component following partial decay of the current became prominent post-toxin application and visible as a second peak during the slow nondesensitizing I nAChR . This second peak was more apparent at higher toxin concentrations (>200 nM) as the effects of k-HXTXHv1c to slow the rate of non-desensitizing current decay were enhanced (Fig. 6C, blue circle) . In the presence of 500 nM k-HXTXHv1c, a 9.9 ± 1.0-fold (n ¼ 5, p < 0.05) increase in the amplitude of this secondary component was evident. Measurements were taken at the maximum amplitude (Fig. 6C ) in response to toxin and compared with control amplitudes at the same time point.
Importantly, k-HXTX-Hv1c failed to induce a current when applied directly to DUM neurons at concentrations up to 1 mM (Fig. 6D) , indicating that the toxin was not capable of directly activating I nAChR .
k-HXTX-Hv1c prolongs nAChR current decay
To compare data at varying concentrations of k-HXTX-Hv1c, the current duration was measured at 20% of peak transient I nAChR amplitude (t 20 , Fig. 6C ). We chose to measure the t 20 value in the present study, rather than fitting exponential functions to the current decay, as no fewer than four components were required, consistent with the suggestion of at least four ACh receptor subtypes in cockroach DUM neurons (see below). Control currents evoked in response to 10-ms pulses of 10 mM nicotine decayed with a t 20 of 2.2 ± 0.3 s (n ¼ 27) reflecting mainly the late nondesensitizing I nAChR , while t 20 values in the presence of 500 nM and 1 mM k-HXTX-Hv1c were increased to 9.8 ± 3.6 s (n ¼ 6, p < 0.001) and 8.2 ± 1.8 s (n ¼ 4, p < 0.001), respectively (data shown as a fold-increase over control t 20 , Fig. 7B ). The duration of current decay was increased by k-HXTX-Hv1c in an concentrationdependent manner with an ED 50 of 180.1 ± 30.4 nM and a maximum increase of 4.7 ± 3.2-fold in the presence of 500 nM toxin (n ¼ 4e6; Fig. 7B ).
To identify any modulation of nAChR agonist sensitivity we examined the ability of 200 nM k-HXTX-Hv1c to prolong current decay in response to varying durations of nicotine application. Duration measurements taken at t 20 at a given nicotine pulse duration were compared in the absence and presence of k-HXTXHv1c. Despite the dramatic increase in the t 20 value, no significant shift in the nicotine duration-response curve was observed following k-HXTX-Hv1c application (ED 50 ¼ 6.6 ± 0.5 ms in comparison to 8.5 ± 0.5 ms for control, n ¼ 3, p > 0.05; Fig. 7C ). In addition, there were no voltage-dependent effects on the amplitude of nAChR currents evoked by 10 mM nicotine (n ¼ 3; Fig. 7D ).
The results of this study indicate that the fast transient, rapidly desensitizing portion of the nAChR current is largely unaffected by k-HXTX-Hv1c while the slow non-desensitizing component of the nAChR undergoes significant slowing of current decay. Moreover, a clear increase in the initial portion of the slow non-desensitizing current, particularly in the presence of high concentrations of k-HXTX-Hv1c, might mask an enhancement of a component, which is obscured by the initial transient current.
Investigations on cockroach DUM neurons from the terminal abdominal ganglion have identified the presence of multiple nAChR channel subtypes. These vary between the a-BgTx-resistant fast desensitizing (nAChD) and a-BgTx-sensitive slow nondesensitizing current (nAChN) components of the I nAChR (Courjaret and Lapied, 2001; Lapied et al., 1990) . The a-BgTxresistant nAChR subtypes are characterised as nAChR1 and nAChR2 receptors based on differing ion permeation and pharmacological properties (Courjaret and Lapied, 2001) . Studies have found that nAChR1 is selectively blocked by D-tubocurarine, while nAChR2 is preferentially blocked by mecamylamine and the mammalian a7 nAChR blocker, a-conotoxin ImI (Courjaret and Lapied, 2001) . However, in the present study k-HXTX-Hv1c targeted the slow nondesensitizing nAChR current component. The identification of this component was confirmed in the present study by the addition of 500 mM a-BgTx, which resulted in a modest block (Fig. 7A ) of the slow non-desensitizing component of the DUM neuron I nAChR (Fig. 6D) . In cockroach DUM neurons, this a-BgTx-sensitive nAChN component includes channel subtypes with 'mixed' nicotinic and muscarinic activity, where the antagonists a-BgTx (nicotinic) as well as pirenzepine (M1) and gallamine (M2) all inhibiting the nondesensitizing I nAChR , whereas the fast nAChD component is insensitive to these antagonists (Lapied et al., 1990) .
In comparison to vertebrate nAChRs, insect gene families are relatively small with diversity created through alternative splicing (Jones et al., 2005; Lansdell and Millar, 2000) . Insect nAChRs consist of homopentameric a-subunits or heteropentameric a-and bsubunits that are highly conserved with greater than 60% identity between species and as high as 80% for the a1 subunit (Jones et al., 2007) . A total of 10 genes have been identified in insects, nominally a1-a7 and b1-b3 in order of discovery, however in reality fewer likely form functional receptors (Jonas et al., 1990.; Lansdell and Millar, 2000; Littleton and Ganetzky, 2000; Schulz et al., 1998) . Unfortunately, while the successful cloning of various nAChR subunits has been reported in several insect species, few have been functionally expressed (Eastham et al., 1998; Gao et al., 2007; Hermsen et al., 1998; Millar and Lansdell, 2010) . Importantly, these insect subunits possess relatively low homology with vertebrates, most exhibiting only 30e40% homology with mammalian a2 or a7 subunits (Jones and Sattelle, 2010) . The lack of homology with vertebrate receptors likely explains the relative insect selectivity of insecticides that target nAChRs (for a review see Tomizawa and Casida, 2003) .
k-HXTX-Hv1c reverses insect nAChR channel desensitization
Given that k-HXTX-Hv1c slowed the rate of I nAChR decay, we explored if the mechanism was related to changes in nACh receptor desensitization. nAChR desensitization is exhibited as a reduction in response to continuous application of nicotine and this process is reversible following agonist removal (Katz and Thesleff, 1957; Quick and Lester, 2002) . Following a 100 s continuous application of nicotine, I nAChR amplitude was found to reach 19.5 ± 5% of maximum amplitude as a result of receptor desensitization (n ¼ 6; Fig. 8A ). Although slight differences were seen in the initial I nAChR decay timecourse (Fig. 8AeD) , this variability is most likely due to the mixed population of nAChR subtypes present in DUM neurons (Bai and Sattelle, 1993; Courjaret and Lapied, 2001; Lapied et al., 1990; Salgado and Saar, 2004) . Regardless of the decay timecourse of control I nAChR in response to continuous application of nicotine, subsequent co-application of toxin and nicotine caused an increase in the late I nAChR amplitude thus partially reversing nACh receptor desensitization. Application of EC 50 concentrations of k-HXTX-Hv1c (200 nM) following partial (~80%) I nAChR desensitization recovered 32.6 ± 2.9% of I nAChR amplitude (n ¼ 2; Fig. 8B ) and 500 nM k-HXTX-Hv1c caused a 33.7 ± 15.7% recovery of I nAChR amplitude (n ¼ 3; Fig. 8C and D) , while application of control solution failed to alter current amplitude (Fig. 8A) . Importantly, Fig. 5 . Minor effects of K V channel modulators on cockroach DUM neuron I K(Na) . (A) Representative superimposed current traces illustrating the isolation of I K(Na) using 300 nM TTX. The sodium-sensitive portion of the current, generated using the pulse protocol in panel C, is blocked by TTX (grey shaded trace). The remaining current was digitally subtracted offline to isolate I K(Na) shown in panel B that demonstrates the modest effect of 1 mM k-HXTX-Hv1c (cyan).
cessation of nicotine perfusion and continued application of toxin resulted in the reduction of I nAChR likely representing channel closure (Fig. 8BeD) . Furthermore, k-HXTX-Hv1c did not directly activate I nAChR at concentrations up to 1 mM (data not shown). This indicates that the presence of both agonist and toxin are required to reverse desensitization. These findings are consistent with actions of positive allosteric modulators (PAMs) on the nAChR (Arias et al., 2011; Barron et al., 2009; Bertrand et al., 2008; Gronlien et al., 2007) . Furthermore, based on the ability of k-HXTX-Hv1c to both prolong current decay and alter nAChR desensitization this toxin is likely to act as a type II PAM (Bertrand and Gopalakrishnan, 2007) .
In this study we probed two features of nAChR modulation by k-HXTX-Hv1c, current decay in response to short pulses of nicotine and reactivation of desensitized receptors to gauge effects on resting (closed channel, no agonist); active (open channel briefly stabilized by agonist); and, desensitized (closed, stabilized in the prolonged presence of agonist) states (Bertrand and Gopalakrishnan, 2007) . Short pulses of nicotine (10 ms) briefly stabilize the open state of the channel and results in relatively low levels of desensitization, allowing the rate of channel recovery to be determined following agonist removal. The rate of decay of this early phase of the I nAChR was not significantly altered in the present of k-HXTX-Hv1c, however, k-HXTX-Hv1c did cause a prolongation of the late phase of I nAChR decay (Fig. 6C) . Thus, k-HXTX-Hv1c may act like the type II PAM PNU-1205996 (Wang et al., 2015) by stabilizing the open state and prolonging channel opening. This secondary slower component has also been observed with other nAChR type II PAMs, where it has been attributed to the ability of the transmitter to reach the orthosteric site faster than the PAM reaches the allosteric site (Gill et al., 2012) . However, this explanation seems unlikely since the currents were recorded in the sustained presence of toxin with intermittent exposure to nicotine. More likely is the toxin has a differential action on slow nondesensitizing nAChRs, in comparison to fast desensitizing nAChR channel subtypes contributing to the insect I nAChR (Salgado and Saar, 2004) .
In the continued presence of nicotine, a population of mostly fully desensitized channels seems to be reactivated in the presence of k-HXTX-Hv1c (Fig. 8BeD) . This suggests that k-HXTX-Hv1c reactivates channels by destabilizing the desensitized state, increasing the rate of transition to the open state. This potential mechanism has been previously postulated for type II PAMs (Wang et al., 2015) . However, an in-depth characterization of k-HXTXHv1c on the yet uncharacterized insect nAChR subtypes comprising the slow non-desensitizing current that contribute to cockroach DUM neuron I nAChR is required to fully elucidate the molecular mechanisms underlying the effects of k-HXTX-Hv1c on these receptors. Importantly, slow non-desensitizing nAChN receptors are the target for a number of insecticides including neonicotinoids and spinosad (Salgado and Saar, 2004) . Indeed, insecticides targeting nAChRs make up approximately a third of the global insecticide market with neonicotinoids and spinosad contributing a major portion (Simon-Delso et al., 2015) . Importantly spinosyn A, the active component of spinosad, acts allosterically as a PAM of slow non-desensitizing nAChN receptors (Salgado and Saar, 2004) , in a similar manner to k-HXTX-Hv1c, lending further support to the argument that the lethal target of k-HXTX-Hv1c is the nAChR.
3.8. GABA and glutamate gated chloride channels are not targeted by k-HXTX-Hv1c
In order to confirm that k-HXTX-Hv1c selectively targeted the nAChR and not other major neurotransmitter receptors in insects we tested the effects on GABA and glutamate chloride channels. To assess the effects of k-HXTX-Hv1c on Glu-Cl channels, inward I Glu-Cl were evoked by 40-ms pulses of 100 mM glutamate. In the presence of 1 mM k-HXTX-Hv1c, I Glu-Cl peak amplitude was increased 1.2 ± 0.08-fold (n ¼ 4, p < 0.05; Fig. 9A , C) while at 50 nM currents were only increased 1.08 ± 0.03-fold (n ¼ 3, p > 0.05; Fig. 9C ). Increases in amplitude were evident within 2 min of toxin application. I Glu-Cl duration at 20% of maximal peak amplitude (t 20 ) was not significantly altered at concentrations of k-HXTX-Hv1c up to 1 mM (n ¼ 3e4, p > 0.05; 9D). As a positive control we applied 100 nM picrotoxin, which blocks DUM neuron Glu-Cl channel currents (n ¼ 3; p < 0.05, Fig. 9B and C) .
Due to the effects of k-HXTX-Hv1c on I Glu-Cl amplitude, the sensitivity of Glu-Cl channels to glutamate was assessed. Peak I Glu-Cl amplitude was recorded in response to varying pulse durations of 100 mM glutamate in the absence and presence of toxin (Fig. 9E ).
Prior to toxin perfusion the data yielded an ED 50 of 17.8 ± 1.4 ms while the ED 50 value was reduced to 12.6 ± 3.4 ms in the presence of 1 mM k-HXTX-Hv1c (n ¼ 5, p < 0.05; Fig. 9F ). Peak I Glu-Cl amplitude was increased at all pulse durations of glutamate tested in the presence of toxin (Fig. 9EeF) and thus the amplitude of I Glu-Cl was increased beyond the maximum amplitude achieved under control conditions (i.e. at pulse durations >320 ms).
Despite these significant but modest actions on I Glu-Cl , it is unlikely that an enhancement of an inhibitory response (Cleland, 1996; de Figueiredo et al., 2001 ) is responsible for the potent excitatory neurotoxicity caused by k-HXTX-Hv1c. Furthermore, a significant enhancement of I Glu-Cl amplitude (p < 0.05) was only evident at a concentration of 1 mM, which seems unlikely to be effective enough to correlate with the potent toxicity seen in insect bioassays (Gunning et al., 2008; Maggio and King, 2002b; Tedford et al., 2007; Wang et al., 2000) .
The effects of k-HXTX-Hv1c were also assessed on I GABA-Cl . In the presence of 1 mM toxin, I GABA-Cl evoked by 100-ms pulses of GABA remained unaltered (Fig. 10A) . I GABA-Cl were recorded in the presence of toxin (100 nM and 1 mM) for up to 10 min however no significant changes in I GABA-Cl amplitude or duration were observed (n ¼ 4e5, p > 0.05; Fig. 10C and D) . In comparison, 100 mM picrotoxin, a known inhibitor of I GABA-Cl , resulted in significant a significant level of block (n ¼ 3; p < 0.05; Fig. 10B and C) . Therefore, the effects of k-HXTX-Hv1c on chloride currents appear to be limited to those mediated by glutamate. Hv1c on I Glu-Cl duration. t 20 : I Glu-Cl duration at 20% of control current amplitude. **p < 0.01, ****p < 0.0001, one-way ANOVA. (E) Families of superimposed currents generated by 2.5e1520 ms pulses of 100 mM glutamate in the absence (Ea), and presence (Eb), of 1 mM k-HXTX-Hv1c. (F) Concentration-response curve of I Glu-Cl amplitude in response to the application of 100 mM glutamate for varying durations in the absence (closed circles), and presence (red circles), of 1 mM k-HXTX-Hv1c, yielding EC 50 values of 17.8 ± 1.4 ms and 12.6 ± 3.4 ms (n ¼ 3e5), respectively. Data were normalized to the maximal control I Glu-Cl amplitude in response to 100 mM glutamate. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
3.9. k-HXTX-Hv1c does not modulate vertebrate a7 and a3* nAChRs To confirm that the effect of k-HXTX-Hv1c on nAChRs was selective for insects, calcium responses of vertebrate a7 and a3b2/ a3b4 nAChR were assessed in a FLIPR assay. These receptor stoichiometries were selected as the CNS a7 and a3b2, as well as the peripherally located a3b4, receptors represent the most common neuronal nAChR subtypes found in the vertebrate nervous system, and the vertebrate a7 has been previously used in assays to determine the efficacy and selectivity of neonicotinoid insecticides (Ihara et al., 2003) . When challenged with nicotine, the calcium responses of endogenously expressed vertebrate a3* nAChR also remained unchanged in the presence of increasing concentrations of k-HXTX-Hv1c (n ¼ 3, p > 0.05; Fig. 11B ), while in the presence of D-tubocurarine a3* nAChR calcium responses were inhibited with an IC 50 of 8.7 ± 1.1 mM (n ¼ 3; Fig. 11B ). k-HXTX-Hv1c also failed to activate either a3* or a7 human nAChRs directly despite the ability of the type II PAM, PNU120596, to enhance the a3* response to nicotine (Fig. 11C) or the a7 response to choline (Mueller et al., 2015) . Vertebrate a7 nAChR calcium responses evoked by choline in the presence of PNU120596 were additionally unaffected in the presence of k-HXTX-Hv1c (n ¼ 3, p > 0.05, Fig. 11A ). It should be noted that due to the small size of a7 receptor responses in this expression system, they were recorded in the presence of the type II PAM, PNU120596. This may be problematic since PNU120596 exhibits similar actions on mammalian a7 nAChR (Wang et al., 2015) as k-HXTX-Hv1c does on insect nAChRs. However, k-HXTXHv1c failed to enhance the response to choline, like PNU120596, and given that these receptors are exclusively found in the CNS it is unlikely that a large peptide toxin like k-HXTX-Hv1c would be able to cross the vertebrate blood brain barrier to reach the target receptor. Moreover, we have confirmed that k-HXTX-Hv1c does not target peripheral human nAChR stoichiometries (a3*), further supporting the phyla selectivity of this toxin for insects.
Validation of nAChR as a lethal target
The insect nAChR is already recognised as an insecticidal target (Millar and Denholm, 2007) with a number of commercially available insecticides that enhance (imidacloprid; Bai et al., 1991) , inhibit (cartap; Lee et al., 2003) or allosterically modulate (spinosad; Salgado and Saar, 2004) insect nAChR receptor function. In support of the positive allosteric modulation of nAChR and its ability to induce lethal actions in insects, k-HXTX-Hv1c appears to have a mode of action similar to the excitatory insecticide spinosyn A (Salgado, 1998; Salgado and Saar, 2004; Salgado et al., 1998; Watson et al., 2010) . Moreover, studies have indicated that spinosyn A (the major component of spinosad) interacts with a site on insect nAChRs that is distinct from other insecticides (Salgado and Saar, 2004) and subsequently is not under high selection pressure that might contribute to the rapid development of insect resistance. While spinosad additionally enhances GABA receptor activity in some insect species, the effect on nAChRs alone is considered to be sufficient to induce excitatory insecticidal activity (Orr et al., 2009; Salgado and Sparks, 2005) . Given k-HXTX-Hv1c has weak to no activity on GABA receptors, we believe that positive allosteric modulation of the nAChR alone explains the excitatory neurotoxic phenotype observed in insects following exposure to k-HXTX-Hv1c.
Due to the modest effects of k-HXTX-Hv1c on action potential firing frequency in the cockroach neurons, we believe that while block of K Ca 1.1 and K V 4-like channels are not lethal, they may play a supporting role in the development of neurotoxicity in insects. The I GABAR duration at 20% of maximum current amplitude. ****p < 0.0001, one-way ANOVA.
increase in firing frequency induced by K Ca 1.1 and K V 4-like channel block may well play a synergistic role with the positive allosteric modulation of nAChR by increasing neurotransmitter release to further enhance excitotoxicity in the insect nervous system. However, as inhibition of K Ca 1.1 and/or K V 4-like channels are not lethal it is unlikely that the effects on these channels are directly related to the allosteric modulation of nAChRs.
k-HXTX-Hv1c is the first spider peptide toxin characterized to target the insect nAChR (see ArachnoServer database; Herzig et al., 2011) . Although insect nAChRs are not new targets for insecticides (Millar and Denholm, 2007) , k-HXTX-Hv1c exhibits a novel mode of action as a positive allosteric modulator and therefore is likely to interact with a unique site on this receptor (Bertrand et al., 2008) .
Moreover, given its novel mode of action, k-HXTX-Hv1c may help alleviate insect resistance to other nAChR agrochemicals that partially activate nAChRs such as imidacloprid (Buckingham et al., 1997) . In support, studies have shown that pyrethroid-resistant strains were more sensitive to insecticides that bound to the channel at different locations than pyrethroids (McCutchen et al., 1997) . This suggests that if k-HXTX-Hv1c targets a different site on the same nAChR as commercially available insecticides it may be a useful tool in the control of insecticide resistance.
Conclusions
In conclusion, k-HXTX-Hv1c is an insect-selective positive allosteric modulator of insect slow non-desensitizing nACh receptors. This activity is consistent with the lethal excitatory activity of k-HXTX-Hv1c in insects, and is potentially enhanced by the additional block of insect K Ca 1.1 and K V 4-like channels. k-HXTXHv1c is therefore an ideal lead compound for the development of novel insecticides and may also be a useful tool in an integrated pest management approach to preventing insect resistance against existing agrochemicals targeting nicotinic receptors. An improved understanding of the complexity of nAChR subtypes present in insects, particularly those involved in the slow non-desensitizing nACh receptor current will be necessary to further understand the mechanism and site of action of k-HXTX-Hv1c on the nAChR and to aid in the design of new insecticides.
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